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The recent emergence of photon-counting computed tomography (CT) has further enhanced CT performance in
clinical applications, providing improved spatial and contrast resolution. CT-derived fractional flow reserve is
superior to standard CT-based anatomical assessment for the detection of lesion-specific myocardial ischemia. CT-
derived 3D-printed patient-specific models are also superior to standard CT, offering advantages in terms of
educational value, surgical planning, and the simulation of cardiovascular disease treatment, as well as enhancing
doctor—patient communication. Three-dimensional visualization tools including virtual reality, augmented reality,

and mixed reality are further advancing the clinical value of cardiovascular CT in cardiovascular disease.

cardiac computed tomography 3D visualization diagnosis coronary artery disease

| 1. Introduction

Computed tomography (CT) is a widely used imaging modality in the diagnosis of cardiovascular diseases LI2IE14]
BIGIAEIPILLLA2I3N14] The diagnostic value of cardiovascular CT has been significantly enhanced with the rapid
advancements in CT technologies over the last few decades, allowing for the acquisition of high-resolution images
with low radiation doses WSIIEIATIA8IILON |n addition to the routine use of single-energy CT in daily practice, dual-
source and dual-energy CT are becoming increasingly available in most of the current multi-slice CT scanners,

further enhancing the diagnostic value of using cardiovascular CT in the context of many cardiovascular diseases
[15][16][17][18][19][20][21]

The recent emergence of photon-counting CT (PCCT) represents the latest technological development of CT
scanning techniques, with this technique having superior advantages over traditional CT scanners. PCCT enables
the acquisition of high-resolution images with improved contrast resolution and simultaneous multi-energy imaging,

showing superior advantages over traditional dual-energy CT in cardiovascular imaging [22123]1241[25]126][27][28][29]

Although cardiovascular CT is continuously gaining widespread acceptance and significance, its clinical value
mainly focuses more on lumen assessment and the detection of vascular abnormalities, and this feature meets the
diagnostic requirements in most situations due to its high diagnostic accuracy, thus serving as the first-line imaging
modality in cardiovascular disease LIZEIAIBI6I7IB]9)10][111[12]{13][14][15][16][17][18][19][20][21] The well-known limitation of
cardiovascular CT lies in the fact that it does not yield functional information, which is more apparent in the
assessment of lesion-specific ischemia in coronary artery disease. This has been overcome with the increasing

use of CT-derived fractional flow reserve (FFRCT) [BQ[21I32]i33][34]  Sjngle- and multi-center studies have confirmed
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that FFRCT can guide patient treatment by identifying lesion-specific ischemia, with coronary CT angiography
(CTA) showing improved specificity and positive predictive values when compared to conventional coronary CT
angiography (CTA) in the diagnosis of coronary artery disease [321[261[37][38][39][40][41][42][43][44][45][46][47][48]

CT-derived post-processing approaches have transformed the clinical value of cardiovascular CT in cardiovascular
disease, and this transformation has led to the creation of patient-specific physical models such as 3D-printed
personalized heart and vascular models M“9IBAIBLIBG3IBEAISIBEISTIEEIBAGON61I62]63] gnd virtual models for
visualization, created using virtual reality (VR), augmented reality (AR), and mixed reality (MR) [B4I[65I[66]671(68]
These innovative 3D visualization tools augment the current applications of cardiovascular CT to go beyond the
traditional diagnostic approach, as these novel tools can be used for educational purposes, medical training, and

the simulation of cardiac procedures, as well as to enhance doctor—patient communication “215051I52][53][54](55](56]
[57][58][59][60][61][62][63][64][65][66][67][68]

2. Cardiovascular CT: Diagnostic Value Based on Standard
Imaging Approach

Cardiovascular CT serves as the first-line imaging modality, being preferred over the gold standard conventional
catheter-based angiography in the diagnosis of many cardiovascular diseases, including coronary artery disease
(CAD), aortic aneurysms or dissection, peripheral artery disease, and pulmonary embolisms LIZIEBIAIBIEITIEIE  This
is mainly because of its high diagnostic sensitivity and specificity (>90%) in most of these areas, hence proving that
cardiovascular CT is a reliable alternative to conventional angiography. The main driving force of the technological
developments in CT lies in cardiac imaging, in particular, the field of coronary CTA in CAD, which comes with
strong demands in terms of both spatial resolution to detect and assess small coronary arteries and temporal
resolution to allow for the acquisition of cardiac images with few motion-related artifacts RIBIIEIN10 Recent
evidence has highlighted the high sensitivity (>90%) and very high negative predictive value (>98%) of coronary
CTA in CAD, indicating that it is a reliable diagnostic tool for determining coronary stenosis. However, it is also a
well-known fact that coronary CTA struggles to accurately assess heavily calcified plaques or coronary stented
lumens due to blooming artifacts resulting from the extensive calcification and stent wires. This significantly hinders
the diagnostic performance of coronary CTA, in particular, compromising its specificity and positive predictive value

(PPV), limiting its widespread application in these two particular areas [€ZA71[72][73]

3. Photon-Counting CT: The Latest Technological
Advancements in Cardiovascular CT

Photon-counting detectors have the potential to overcome the current CT limitations by directly converting x-ray
photons into electric signals, thus optimizing CT dose efficiency at an ultra-high resolution of 0.2 mm. The direct
detection of photons also enables photons to be separated into specific energy levels, thus eliminating noise with
an improved contrast-to-noise ratio. Further, PCCT allows for the acquisition of multi-energy images

simultaneously; hence, PCCT has many benefits in cardiovascular imaging, specifically in assessing calcified
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coronary plaques or coronary stents with a reduction in noise and artifacts 2122, PCCT was introduced into clinical
applications about two years ago, but increasing evidence derived from single- and multi-center studies has
demonstrated its superior advantages over the current CT scanners, regardless of the presence of severe
calcification in the coronary arteries or coronary stents [2311241[271[74][75][76]

| 4. Cardiovascular CT: Beyond Lumen Assessment
4.1. Patient-Specific 3D-Printed Models: Medical Education

Three-dimensional printing has become an increasingly useful technology in medical applications, helping to
generate patient-specific or personalized models to replicate normal anatomy and pathology with high accuracy.
Studies based on randomized controlled trials have provided evidence that confirms the educational value of 3D-
printed models in cardiovascular anatomy and pathology when compared to the current teaching methods 631lZ7178]
79 The use of 3D-printed models has significantly increased students’ knowledge and understanding of complex
cardiovascular anatomy and pathology, mainly in congenital heart disease (CHD), compared to the use of
diagrams, cadavers, or lectures (the main techniques currently used in teaching) A8 However, these
randomized controlled studies have some limitations, either due to their small sample sizes, their singular focus on
less complex cardiac anatomy without providing insight into the surrounding soft tissue structures 8 or their

comparisons of 3D-printed models with virtual visualizations [E2E1],

Mogali and colleagues, in a randomized controlled trial, invited first-year medicine students to demonstrate their
learning of cardiac anatomy by comparing 3D-printed cardiac models with plastinated cardiac specimens 82,
Three-dimensional printed models were generated by scanning the plastinated cardiac specimens on a 64-slice CT

scanner, with the models being printed using multi-color materials (Figure 1).
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Figure 1. Learning materials provided to the study groups: Phase 1 materials include plastinated cardiac
specimens (top row) and their three-dimensionally printed replicas and the coronary vessels (bottom row).

Reprinted with permission from Mogali et al. [£2],

Regarding the use of 3D-printed heart and vascular models in anatomy education, the most commonly used
imaging modalities are CT or MRI for the generation of 3D-printed models. In a recent study, Arango et al. reported
the feasibility of creating ultra-high-resolution 3D-printed heart models using micro-CT [83. They scanned
perfusion-fixed heart specimens using 0.1 mm resolution micro-CT scanning, with the images being post-
processed and segmented for 3D printing. The-3D printed heart models accurately represented cardiac walls,
vessels, and the valvular and subvalvular structures of atrioventricular valves (Figure 2 and Figure 3), thus serving
as useful tools to teach residents and cardiothoracic anesthesia fellows and help them to learn basic and advanced
echocardiographic views, valvular pathology, and planned interventions. This study further advances the
application of 3D printing technology in cardiovascular anatomy by providing ultra-high-resolution 3D models that

demonstrate the finer details of cardiac anatomy.
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Figure 2. A 3D-printed model of the tricuspid valve of a human heart specimen (HH 223). (A) A model printed using
a clear material as viewed from the atrium, with leaflets labeled and the moderator band marked with a red arrow.
(B) A model printed using multiple colors and materials and rotated to show the subvalvular apparatus. Yellow,

tricuspid annulus; transparent, mitral leaflets; blue, chordae tendinea; pink, papillary muscles. Reprinted with

permission from Arango et al. [83,
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two corresponding planes on each model that have been labeled accordingly. LAX, long axis; RV, right ventricle;

SAX, short axis; TG, transgastric. Reprinted with permission from Arango et al. [83],

4.2. Patient-Specific 3D-Printed Models: Preoperative Planning and Simulation

Three-dimensionally printed personalized models have been shown to play an important role in the planning and
simulation of complex cardiovascular procedures, and this has been confirmed by a number of studies based on
single-site investigations and multi-center reports [421BABEL2]E3][57][58][59][60](611(62][84][85](86][87][88I[89N[90)[91][92] \Most of
the current reports in this area focus on the usefulness of 3D-printed heart models in guiding CHD surgeries. This
is most likely due to the complexity and wide variations of CHD, which present challenges for preoperative planning
based on traditional 2D and 3D image visualizations. In contrast, 3D-printed personalized models assist cardiac
surgeons in planning the treatment of CHD, with up to 50% of surgical decisions involving the aid of 3D-printed
models (Figure 4) 59,

Figure 4. Surgical and interventional planning on 3D-printed heart models. DORV case, internal vision from the left
ventricle (left). DORV (another case), external view (right). DORV-double outlet right ventricle. Reprinted with

permission under the open access from Gomez-Ciriza et al. 22,

Three-dimensionally printed models also serve as a useful tool for hands-on surgical training or the simulation of
cardiovascular procedures. Three-dimensionally printed heart models can be used to simulate congenital heart
surgery with high satisfaction scores. Furthermore, these models are also useful for simulating interventional
cardiac procedures such as the simulation of endovascular aortic stent grafting procedures for the treatment of
aortic aneurysms or aortic dissection (Figure 5) [23l: the simulation of interventional treatment for transcatheter
aortic valve replacement (TAVR) for predicting the risk of coronary obstruction or complications 2493 (Figure 6);
and simulating valvular stenosis (Figure 7) [28. Another common application of 3D-printed models is their use in
guiding left atrial appendage occlude device selection, with improved outcomes and reductions in the number of
complications being reported RAR2IE7O8INN Good agreement in terms of occluder sizes was found between 3D
model-based estimation and the actual device sizes, with reduced procedure time and radiation exposure to
patients (Figure 8) 221,
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Figure 5. Stent graft deployed in a 3D-printed model. (A) Deployed stent graft visible through model wall. (B) Axial
view from proximal arch. (C) Caudal view down arch vessels. Reprinted with permission under open access from
Wu et al. [£3],
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Figure 6. Three-dimensionally printed models with an a pulsatile circulation simulator for the assessment of
transcatheter valve hemodynamics. (A) Aortic root with left ventricular outflow tract. (B) Three-dimensionally
printed models of the thoracic aorta, abdominal aorta, and iliofemoral arteries. (C) Pulsatile circulation system. (D)
Representative hemodynamic waveforms of left ventricular pressure (red line), aortic pressure (blue line), flow rate
(green line), and the definition of closing volume and PVL (red and yellow areas). PVL = paravalvular leakage.

Reprinted with permission from Tanaka et al. [22],
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Figure 7. Fluoroscopic documentation of the balloon dilatation of valvular stenoses with a 3D-printed heart model.
(A) Balloon dilatation of a valvular aortic stenosis. (B) Balloon dilatation of a valvular pulmonary stenosis. AS—

aortic stenosis, PS—pulmonary stenosis, LA—left atrium, LV—Ieft ventricle, RA—right atrium, RV—right ventricle.

Reprinted with permission under the open access from Brunner et al. [26],
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Figure 8. Three-dimensionally printed patient-specific models based on echocardiographic images. (A—F) From 3D
transesophageal echocardiography (TEE) image to 3D physical model. (A,D) Segmentation of left atrial appendage
(LAA) (shaded area) based on 3D TEE data. Measurements regarding the major and minor ostial diameters and
depth of the LAA were taken. (B,E) Creation of a digital object. (C,F) Three-dimensional printed physical model
made of tissue-mimicking material. Arrows denote pulmonary vein ridge; stars denote appendicular trabeculations.
(G-1) Modifying the size of the 3D model. (G) Device compression and (H) protrusion in 3D model measured using
a digital caliper. (I) Tug test for stability. (J) Device compression and protrusion measured in a clinical procedure.
(K) Three-dimensional TEE en face view of final device position. (L) Color Doppler assessment showing no
peridevice leaks. (M) In another case, color Doppler assessment revealed a residual leak with a jet width of 3.4

mm. Reprinted with permission under open access from Fan et al. [22,

4.3. Patient-Specific 3D-Printed Models: Clinical Communication

Three-dimensional printed models have enhanced communication between colleagues, clinicians, and patients, as
well as the parents of patients. This is clinically important as effective communication contributes to better patient
care and clinical outcomes. Physicians usually use visual aids to provide information to patients about their
disease/condition and treatment plans or options. However, it can be difficult for patients to comprehend the
complexity of cardiovascular anatomy and disease, particularly in more challenging scenarios such as cases of
congenital heart disease. The use of physical 3D-printed models overcomes these limitations by presenting a

realistic 3D model to the patient so that their understanding of the anatomy and disease is significantly enhanced.

Traynor et al. analyzed 19 studies about the use of 3D printing technology in patient communication 190][101](102]
(103][104][105][106] 'These studies confirmed that 3D-printed models aided communication with patients/parents and

colleagues (Figure 9) (2011,
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Figure 9. Participants’ responses on how 3D-printed cardiac models improve communication with colleagues and

patients/families. Reprinted with permission under open access from llimann et al. 1011,

4.4. Patient-Specific 3D-Printed Models: Optimizing CT Protocols

It is well known that CT is associated with relatively high radiation doses; thus, minimizing radiation exposure is
clinically significant, given the widespread use of CT in daily practice. The traditional reliance on the use of
commercial phantoms to study optimal CT protocols has become less practicable due to expensive costs and the
lack of simulations regarding the situations of individual patients. The use of 3D-printed models to optimize
cardiovascular CT scanning protocols by representing realistic anatomical structures of cardiovascular systems or
organs has become a new research direction [197][108]{109][110][111][112][113]{114][115]

Sun et al. developed 3D-printed aorta and coronary artery models to study the optimal CT protocols in imaging
aortic dissection 1121118l and coronary plaques and stents [LO8ILO9NLIONLIE] patient-specific coronary artery models
were developed to represent realistic coronary artery trees via the simulation of calcified plaques in different
locations of coronary arteries showing extensive calcification (Figure 10) (1981 This allowed for the study of

different CT scanning protocols and the visualization of calcified plaques, which always present challenges in
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accurately assessing the degree of coronary stenosis due to the blooming artefacts associated with heavy
calcification.

Maodel 2

Model 4

(A} ()

Figure 10. Three-dimensional printed patient-specific coronary models based on the simulation of calcified plaques
in the coronary arteries. (A) Three-dimensional printed models (n = 6) with simulated calcified plaques in coronary
artery branches. (B) Measurements of plaque dimensions on 2D maximume-intensity projection images using 0.5

mm slice thickness. Reprinted with permission under open access from Sun et al. [108],

4.5. The Use of 3D-Printed Devices in Treating Cardiovascular Disease

Patient-specific 3D-printed devices have been used in treating cardiovascular disease, and promising clinical
outcomes have been achieved. It has been reported that 3D-printed devices including stents and valves have
improved vessel patency and quality of life in cases of pulmonary stenosis, coronary stenotic lesions, and complex
valve pathologies [EB4BAEROB2B7IP8IONILTILIS] The factors that affect the long-term safety of using 3D-printed
devices to model stents in patients with coronary artery disease, which include biocompatibility, thrombosis,
degradation and mechanical stability, long-term durability and performance, vessel injury, adverse events and
complications, patient suitability, and anatomical variability, should be considered 24119 Three-dimensional
bioprinting is a promising technology advancing the applications of 3D-printed models to another level, although
most of the current applications of 3D bioprinting in cardiovascular disease are still in their early stages of
development 129 Significant progress has been achieved over the last decade regarding the use of 3D-printed

heart valves in treating valvular heart disease and 3D-printed cardiac patch and heart models in treating
myocardia] infarction’ and heart failure [&][&][@H&H&][@][@[@@][@][&][&][&][&][&]

4.6. Cardiac CT: CT-Derived FFR

The main limitation of using coronary CTA in predicting the functional significance of coronary stenosis has been

addressed using CT-derived fractional flow reserve (FFRCT), and promising clinical outcomes derived from the use
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of FFRCT have been achieved in many single-site and multi-center studies.

FFR is the reference method for determining lesion-specific ischemia. The clinical value of FFR-guided patient

management strategies has been well studied, with beneficial effects being reported in many studies [B8I[136][137][138]
[139][140][141][142][143]

FFRCT has unique advantages over standard coronary CTA by visualizing the coronary stenosis and assessing its
hemodynamic significance, thus allowing for a combined anatomic—physiologic assessment of CAD.
Representative multi-center studies including DISCOVER-FLOW, NXT, DeFACTO, and NOVEL-FLOW published
more than 10 years ago confirmed that FFRCT has an enhanced diagnostic value, as well as especially enhanced
specificity in detecting hemodynamically significant CAD when compared to standard coronary CTA based on
lumen assessment (Figure 11) [411142][43]
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Figure 11. Examples of FFRCT in assessing the hemodynamic significance of coronary lesions at three main
coronary arteries (A,B). Coronary CT angiography shows significant stenoses on the left anterior descending artery
(LAD), right coronary artery (RCA), and left circumflex (LCx), while FFRCT shows ischemia at RCA and LCx but
not at LAD, as the FFRCT value is more than 0.80. This was confirmed by invasive FFR measurements, as shown
in (A(c)) and (B(c,f). (a,b) in image (A), (a,b,d,e) in image (B) refer to stenotic lesions of RCA and LAD on
coronary CT angiography and invasive FFR measurements, respectively, while ((A)d,(B)g) indicate FFRCT

measurements at these coronary arteries. Reprinted with permission from Norgaard et al. (43!,

4.7. Cardiovascular CT: VR, AR, and MR
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Rapid developments in 3D innovative technologies, including VR, AR, and MR, have further advanced the roles of
traditional image visualizations in cardiovascular disease and patient care, with increasing studies proving their
educational and clinical value in cardiovascular medicine. Due to complex cardiovascular anatomical and
pathological aspects and the importance of lifelong learning and training required to deliver high-quality standards

in cardiovascular care, these 3D visualizations serve as useful tools for healthcare providers and patients [641(651[66]
(67](68][85][144][145][146][147][148][149][150][151][152][153]

VR allows the user to completely immerse themselves in a 3D virtual environment, usually using a head-mounted
display (Figure 12). In contrast, AR integrates virtual objects into a real-world environment, thus enabling the user
to interact with virtual models, improving the simulation and management of complex cardiovascular procedures.
MR represents an advancement of AR, and it is a recently developed technology that mainly involves overlaying
virtual objects on real world settings (Figure 13) 134l Extended reality (XR) is a new term used to encompass all
three of these tools (VR, AR, and MR). The use of VR and AR and MR in medical education and training has been

confirmed to improve the understanding of 3D relationships in all medical disciplines [1441[145][146][147][148][149][150]
151

Figure 12. VR completely immersing the user in a virtual 3D space. (A) User is completely immersed in a virtual
3D space with use of a head-mounted display. (B) A real-life example of VR application allowing trainees to

perform virtual coronary angiograms. Reprinted with permission from Jun et al. 1441,
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Figure 13. AR integrates superimposed virtual elements into a real-world environment. (A) 3D CT image of a
patient’s vasculature could be imaged by an operator or (B) vascular calcifications could be focused to guide the
best puncture site and avoid complications during the procedure. (C) AR superimposes virtual elements into a real-

world environment. Reprinted with permission from Jun et al. (1441,

| 5. Cardiovascular CT: AI/ML/DL
5.1. AIIML/DL in Coronary Calcium Scoring

Coronary calcium scoring is a routine procedure performed in clinical practice to provide risk stratification for
coronary artery disease; however, the quantification of calcium scores could be a time-consuming job, as it still
requires the involvement of human observers in interpreting the non-contrast cardiac CT images. Al, specifically DL

tools, has been increasingly used for the automated quantification of calcium scores, showing high accuracy
compared to manual interpretation [2QI[L55][156][157][158]

5.2. AI/ML/DL in Coronary Artery Disease

The use of advanced Al algorithms has shown significant improvements in assessing calcified plaques, with the
results of some studies showing reductions in the number of false-positive rates [139l[160][161J[162][163] |n 4 recent
study, scholars applied a fine-tuned DL model, the real-enhanced super-resolution generative adversarial network
(Real-ESRGAN), to process data pertaining to 50 coronary CTA cases from patients with a total of 184 calcified
plaques 13911601 Measurements of coronary lumen stenosis from Al-processed images were compared to those
from original coronary CTA, with ICA being used as the reference method. The Real-ESRGAN -processed images
showed improvements in terms of specificity and positive predictive value at all the three main coronary arteries,

along with significant reductions in false-positive rates (Figure 14).
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(B

Figure 14. Multiple calcified plaques at the left anterior descending artery (LAD) in a 72-year-old female. Coronary
stenoses were measured at 80%, 78%, 72%, and 70% corresponding to the original CCTA, Real-ESRGAN-HR,
Real-ESRGAN-Average and Real-ESRGAN-Median images (short arrows in (A)), respectively. ICA (short arrow in
(B)) confirms 75% stenosis. The distal stenoses at LAD due to calcified plaques were measured at 70%, 50%, and
51% stenosis on original CCTA, Real-ESRGAN-HR, and Real-ESRGAN-Average images but measured at 45% on
Real-ESRGAN-Median images (long arrows in (A)). ICA confirmed the only 37% stenosis (long arrow in (B)).
CCTA—coronary computed tomography angiography; ESRGAN—enhanced super-resolution generative
adversarial network; HR—high resolution; ICA—invasive coronary angiography, Real-ESRGAN—real-enhanced

super-resolution generative adversarial network. Reprinted with permission under open access from Sun and Ng
160

5.3. AI/ML/DL in Abdominal Aortic Aneurysm and Aortic Dissection

Abdominal aortic aneurysm (AAA) is a common and life-threatening cardiovascular disease, and early diagnosis,
especially the identification of the aneurysm growth and risk of rupture, plays an important role in improving the
management of patients with AAA. The role of Al in the treatment of AAA patients has not been well explored.
Raffort et al. conducted a comprehensive review about the usefulness of Al in AAA through an analysis of 34

studies 1841, Of these 34 studies, 15 were related to image segmentation and automation, 14 were related to the
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prediction and prognosis of patients, and 5 were related to AAA geometry and fluid dynamic analysis. Manual
segmentation is time-consuming and also subject to inter-operator and intra-operator variations. With the use of Al,
the mean segmentation time per patient was reduced to 7.4 min as opposed to 25-40 min per patient with the
human manual segmentation method (Figure 15) [164l165] Thjs finding is similar to a recent study that showed the

feasibility of using Al to screen for AAA [266],

Figure 15. Representative images of the segmentation of the aortic lumen (in red) and the intraluminal thrombus
(in green). (A) CT scan cross-sectional views of patients with infrarenal AAA. (B) Manual segmentation. (C)

Automatic segmentation. Reprinted with permission under open access from Lareyre et al. [263],

5.4. AI/ML/DL in Pulmonary Artery Disease

CT pulmonary angiography (CTPA) is a standard imaging modality in diagnosing pulmonary embolisms (PEs) with
high accuracy. However, the interpretation of CTPA images is time-consuming and requires radiologist expertise.
Further, the use of CTPA in emergency departments has increased significantly over the last decades, and
increased workloads and fatigue may lead to more diagnostic errors in emergency radiology 2671, Therefore, the
use of an automatic PE detection method could assist radiologists’ decisions to ensure the rapid diagnosis of

positive PE cases while avoiding mistakes.

Studies have reported promising results regarding the application of DL models for the automatic detection of PEs
based on CTPA images L68IIL6ALT0ILTL] A recent systematic review and meta-analysis of using DL in the detection
of PEs showed a pooled sensitivity of 88% and a specificity of 86% based on an analysis of five studies [268]. This
indicates that further studies are required to validate the DL models to detect PEs based on large datasets of CTPA
images. The Radiological Society of North America (RSNA) chose PE as its Al challenge in 2020, later publishing a

public dataset of 12,195 annotated CTPA studies to encourage the development of DL models for PE detection
172
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| 6. Summary

Cardiovascular CT is playing an important role in the diagnosis of cardiovascular disease, and its role will continue
to grow with further advancements in CT technology. The traditional reliance on the standard CT imaging approach
has been significantly augmented with the use of recent technologies such as photon-counting CT, 3D printing,
FFRCT, VR, AR, and MR, and Al. This recent progress has created great opportunities for incorporating these

advanced technologies into education and clinical practice to achieve better outcomes.

The clinical value of CT has been further advanced with the recent emergence of photon-counting CT, which can
be used to obtain images with superior spatial and contrast resolution. Despite being introduced into clinical
practice very recently (in 2021), photon-counting CT represents the future of cardiovascular CT imaging and is set
to revolutionize the current cardiovascular CT imaging approach, especially in the diagnostic assessment of
cardiovascular disease.

The current applications of 3D printing technology in cardiovascular research are maturing, with more evidence
available from multi-center or randomized controlled trials being developed. Three-dimensionally printed models
are highly accurate and reliable when it comes to replicating both cardiovascular anatomy and pathology, thus
serving as a useful tool for medical education, surgical planning, and the simulation of challenging cardiovascular
procedures, guiding intraoperative surgeries to improve patient outcomes. Three-dimensionally printed models

improve communication between clinicians and patients, as well as communication between clinical colleagues.

The clinical value of FFRCT has been validated by several multi-center randomized controlled studies and many
single-site studies, and its role will continue to grow with the increasing use of DL algorithms in the medical
domain. The main barrier to implementing FFRCT in daily cardiology practice lies in the fact that most of the data
analyses have been performed at off-site workstations, although on-site image processing and analyses are
available, as evidenced by the TARGET trial. With the increasing prevalence of DL models and widespread use of
Al in clinical practice, FFRCT will be implemented into diagnostic approaches to guide the revascularization of

patients with coronary artery disease, leading to improvements in the utilization of healthcare resources.

VR, AR, and, more recently, MR are showing great promise, and they are set to complement traditional
visualizations and assist healthcare providers and patients with cardiovascular disease. However, their applications
in current practice are still at an early stage of development due to several limitations. First, the real-time
integration of cardiovascular CT imaging in a VR/AR environment is challenging. Second, a critical aspect
regarding the use of AR and MR in surgical planning or guiding surgical procedures is to balance AR/MR with the
real-world environment and add digital elements to the field of view to achieve the harmonization of data flow and
interfaces. Third, ethical considerations need to be considered, as the main goal of using VR/AR/MR should focus

on enhancing the patient—provider relationship.

The widespread use of Al in medicine and the application of Al in cardiovascular disease is inevitable, and

clinicians must be aware of pitfalls when applying this rapidly evolving technology to their practice. Figure 16 is a
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summary of Al applications in cardiology practice 2731, Given the wide range of Al algorithms available, the input
data used for training purposes must be examined to ensure high data quality. Al model performance must be
examined to guarantee that findings are robust, and external validation is also an important consideration. Medical
graduates and clinicians’ skills and confidence in managing Al applications need to be improved, as this will have a
direct impact on using Al in clinical practice. Ethical issues related to the sharing of healthcare data and legal
challenges should be addressed, and Al should be included in the medical curriculum and professional education.
Collaboration among a multi-disciplinary team consisting of computer scientists, clinicians, clinical investigators,
academic researchers, and other users is essential for identifying the best approach and data sources to achieve

the goal of delivering personalized treatment in cardiovascular disease cases.

FFR-CT
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Figure 16. The applications of artificial intelligence in clinical cardiology practice. CAC—coronary calcium score,
CAD—coronary artery disease, EAT—epicardial adipose tissue, PVAT—perivascular adipose tissue, LV—Ieft

ventricle. Reprinted with permission under open access from Jiang et al. [173],
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